ABSTRACT. The clinical effects of recombinant feline interferon-ω (rFeIFN-ω), produced in silkworm by recombinant baculovirus, were examined in 3-4 month-old beagle dogs given an experimental canine parvovirus type-2 (CPV-2) infection. Clinical symptoms, such as pyrexia, vomiting, anorexia and diarrhea, were observed on day 4 after oral inoculation of 10 7 TCID 50 of CPV-2 (cc 238 strain) in almost all the inoculated dogs. From day 4, rFeIFN-ω (1 mega units/kg/day) or physiological saline was administered intravenously to infected dogs for 3 consecutive days. Seven out of 17 dogs treated with physiological saline showed hemorrhagic diarrhea and continuously expressed severe clinical enteritis; one dog died with a large amount of hemorrhagic rice-water stool on day 6 after viral exposure. In contrast, 4 out of 12 dogs treated with rFeIFN-ω showed severe clinical enteritis associated with intermittent diarrhea. Scoring of fecal condition revealed that treatment with rFeIFN-ω significantly shifted the enteritis from a severe to mild form. Furthermore, rFeIFN-ω administered in the morning decreased the number of dogs expressing clinical enteritis in the evening suggesting a rapid effect. Vomiting and anorexia were also improved by treatment with rFeIFN-ω. These results suggest that rFeIFN-ω can reduce severe enteritis caused by CPV-2 infection in dogs. -KEY WORDS: beagle dog, canine parvovirus, enteritis, experimental infection, recombinant feline interferon-ω.
Outbreaks of canine parvovirus type-2 (CPV-2) infection are characterized by high morbidity and mortality, and have spread rapidly worldwide since 1978 [11, 23] . The appearance of new subtype of this virus generally present less severe disease in dogs that have a better survival rate [24, 26] . However, puppies born in breeding populations have greater risk of infections that are often fatal [5] . Adult dogs kept outdoors often manifest clinically severe symptoms, especially those dogs with an accompanying parasitic infection. Although modified live vaccines are now available, treatment for this disease is still symptomatic and based simply on principles of good supportive care [3, 26] . This infection, when accompanied by severe gastroenteritis, is one of the most important diseases of dogs.
It is now clear that interferons (IFNs), identified firstly by Nagano and Kojima [21] and later named by Isaacs and Lindenmann [9] , can modulate a number of cellular and immune functions, as well as affect virus replication [28] . The potent antiviral and antitumor activity of IFNs has been used therapeutically in humans [8] , and tried in cattle [12] , horses [16] , and pigs [13] . Recombinant feline interferon-ω (rFeIFN-ω), produced in silkworm larvae using a baculovirus vector [27, 33] , has shown antiviral activity against infection with feline calicivirus, herpesvirus and enteropathogenic virus [19, 35] . Further, Tateyama et al. [30] demonstrated growth inhibitory activity of rFeIFN-ω on canine tumor-cell lines, even though IFNs express a relatively high degree of species specificity. In the present study, we examined the clinical effects of rFeIFN-ω on CPV-2 infection in beagle dogs.
MATERIALS AND METHODS
Experimental animals: Specific pathogen free beagle dogs (NRD strain) 3 to 4 months of age were obtained from Hokudoh Co., Ltd., Hokkaido, Japan and housed in individual cages during the course of the experiments. These dogs had no antibody to CPV-2 (titer ≤ 1:4) just before viral inoculation. At the end of experiments, all dogs were sacrificed under anesthesia according to the guideline for Animal Experiments, Hokkaido University, School of Medicine.
Virus: Canine parvovirus (CPV; cc 238 strain) was used. The strain was originally isolated in Okayama Prefecture, Japan in 1991, from the feces of a dog with vomiting, diarrhea and hemorrhagic stool. The strain was established in Crandell feline kidney (CRFK; ATCC CCL 94) cell cultures at the Tsukuba Central Laboratories, Kyoritsu Shoji Company, Ibaraki, Japan. The virus is identified as a type CPV-2a by its reactivity to specific monoclonal antibodies. Virus suspensions containing 10 7 TCID 50 were inoculated orally. The dogs were diagnosed with CPV-2 infection based on the presence of clinical signs, and the infection was confirmed by seroconversion and detection of viral DNA in rectal feces by a PCR method.
Clinical observations and score of clinical symptoms: Rectal temperatures, vomiting, appetite and fecal condition were recorded daily for 2 weeks, and twice daily in the morning and in the evening from day 3 to 10 after virus inoculation. Rectal temperature of over 39.5°C was expressed as pyrexia. The degree of vomiting, appetite and fecal condition were expressed by scores shown in Table 1 . For scoring the clinical symptoms, the degree of symptom was measured by the incidence and excreted volume of vomits or feces. Canine parvovirus infection often expresses a rapid exacerbation of clinical symptoms and the synergistic effect of confounding conditions can result in fatalities. Therefore, in the case of plural vomits or feces, each occurrence was scored and the total score summed. For vomiting, the total score of the morning and the evening was represented. For feces, the volume and condition of the feces was scored and represented in each observation as follows: the same volume of feces with a different condition was scored as the sum of half of each assigned point value; in the case of different volumes of various conditions of feces, the sum of the assigned value of the largest volume of feces and 1/4 point of the smallest volume were represented. Soft feces does not always imply disease, but diarrhea is clinically important so that each assigned value was set at 1 for the former and at 4 for the latter. Intermediate levels of feces between soft and diarrhea were assigned a value of 2.5. In this scoring system, the score of soft feces or of a minute volume of diarrhea would not exceed 2.0. Dogs marked >2.0 in score of fecal condition represented clinical enteritis in this study. For appetite, dogs were fed after morning observations and the amount remaining at the evening observations was scored.
Detection of CPV-2 in fecal samples by PCR assay: Capsid genes of CPV-2 from rectal swabs were checked by a PCR method [20] . Genes encoding the capsid proteins VP1 and VP2 were amplified by using a GeneAmp PCR Reagent Kit with AmpliTaq DNA Polymerase (Perkin-Elmer Cetus, Norwalk, Connecticut) and a set of 19-mer primers VPF and VPR: VPF, 5'-ATGGCACCTCCGGCAAAGA-3', and VPR, 5'-TTTCTAGGTGCTAGTTGAG-3'. Ten microliters of the reaction product was analyzed electrophoretically in 1% (wt/vol) agarose gel with TrisBoric acid-EDTA buffer (pH 8.2). The bands were visualized after staining with ethidium bromide.
Serum neutralization test: Serum neutralization titer against CPV was measured by a micro-neutralization test. Serum was serially diluted with Eagle's minimal essential medium containing 10% fetal calf serum in wells of a 96-well flat-bottom plate. Virus prediluted to a titer of 100 TCID 50 /25 µl was then added to each well in a 25 µl amount. The plate was gently agitated for mixing and was incubated at 37°C for 1 hr. Then 3 10 4 CRFK cells were added to each well and the plate was incubated in the chamber. After 24 hr incubation, medium was replaced and the plate was further incubated for 7 days. Supernatants from each well were harvested and examined for CPV-specific hemagglutinins [20] . Formalin-fixed pig erythrocytes were used for the test. The titer was defined as the reciprocal of the highest serum dilution at which no hemagglutinin was detected.
rFeIFN-ω administration: rFeIFN-ω was supplied from Toray Industries, Inc., Tokyo, Japan. Ten mega units (MU)/ vial were resuspended in with 1 ml of physiological saline and immediately injected intravenously as 1 MU/kg. rFeIFN-ω was administered once a day for 3 successive days from day 4 after virus inoculation in the morning after routine observation of animal condition. Day 4 after virus inoculation was the time when all of the infected animals showed clinical signs of the infection. Control infectedanimals received physiological saline instead of rFeIFN-ω.
Experimental design: Three experiments were conducted. In the first one, the course of infection of 5 dogs given CPV-2 (cc 238 strain) was observed. In the second experiment, 8 dogs were divided into 2 groups of 4 that received either rFeIFN-ω or physiological saline. In the third experiment, two groups of 8 dogs were treated similarly to those in the second experiment. Blood samples for serology were collected prior to and at day 14 after virus inoculation. Fresh fecal specimens from the rectum were collected for virus detection with swabs prior to CPV-2 inoculation, and on days 3, 5, 7, 10 and 14 after virus inoculation.
Statistical analysis: Data were analyzed by the Student's t-test or χ 2 -test, and P-values of <0.05 were accepted as being significant.
RESULTS

General observations:
In the first experiment, clinical signs of pyrexia (4/5), vomiting (4/5), anorexia (4/5) and diarrhea (5/5) were observed on the morning of day 4 after virus inoculation. Virus shedding into the feces was evident from day 3 and continued to day 7 after inoculation ( Table  2) . Seroconversion also confirmed the CPV-2 infection of all dogs. Neutralization antibody titers of all virus infectedanimals were elevated on day 14 after inoculation. Two dogs had titers = 1:512 and the remaining had titers ≥ 1:1,024. Clinical signs were disappeared until day 14 after virus inoculation in all dogs (data not shown).
In the second and third experiments, clinical signs also appeared on the morning of day 4 after exposure as was observed in the first experiment; rFeIFN-ω or physiological saline was administered from day 4 after inoculation for 3 successive days. Viral capsid gene was detected in feces from day 3 to day 7 after virus inoculation in the second experiment and until day 10 in the third experiment ( Table  2 ). All dogs shed viral DNA and rFeIFN-ω treatment had no effect on virus shedding. The serum neutralization titers on day 14 were elevated in all animals (titer ≥ 1:1,024-8,192). One control dog, in the third experiment died on the morning of day 6; it continuously expressed watery stool from the evening of day 3 and hemorrhagic rice-water stool on day 5 after virus inoculation. Because the pathogenic process observed in dogs from the control groups in experiments 2 and 3 were similar to that of the first experiment, data from all three experiments were pooled for further analysis.
Effect of rFeIFN-ω on pyrexia, vomiting and appetite: Pyrexia was observed around day 4 after virus inoculation in the control (14 out of 17) and the rFeIFN-ω-treated (10 out of 12) groups (data not shown). In both groups, almost all the dogs recovered to the normal range on day 5-6 after virus inoculation. No significant differences were seen in the two groups by the Student's t-test.
As shown in Fig. 1, 12 out of 17 dogs in the control, and 8 out of 12 dogs in the rFeIFN-ω-treated groups expressed vomiting on day 4 after virus inoculation. Vomiting was continuously or repeatedly observed in both groups and there was no significant differences between the two groups during the recovery phase of the disease. The percentage of dogs vomiting on the last day (6 day after virus inoculation) and the next day (7 day) of administration of rFeIFN-ω was 8.3% (1/12) and 16.7% (2/12), respectively, while that of control dogs was 23.5% (4/17) and 31.5% (5/16), respectively. One dog treated with rFeIFN-ω showed two pieces of abundant gastricus contents on the morning of day 5. This dog also showed pyrexia, anorexia (75% of the food remained) and the same amounts of solid and hemorrhagic rice-water stool; severity of the infection peaked at this time. Two dogs in each group showed anorexia to some degree from the beginning of the experiment, therefore, those dogs were excluded from the data analysis. Anorexia was observed in 16 out of 25 dogs (control; 10/15, rFeIFN-ω-treated; 6/10) on day 4 after inoculation ( Fig. 2) . From 6 to 8 days after inoculation, the degree of anorexia was reduced in all dogs treated with rFeIFN-ω, while in the control group, several dogs continuously showed severe anorexia; no significant differences were seen in the reduction or recovery from anorexia in the two groups.
Effect of rFeIFN-ω on fecal condition: On the morning of day 4, 21 out of 29 dogs, including 13 out of 17 in the control and 8 out of 12 in the rFeIFN-ω-treated groups, expressed clinical enteritis (score >2.0). However, some dogs in each group did not show clinical enteritis until day 7 after virus inoculation (control 3/17 and the rFeIFN-ω-treated 3/12) (Fig. 3) . The mean score in the morning of day 4 after virus inoculation was 2.7 (SD=1.9, n=17) in the control and 2.8 (SD=2.1, n=12) in the rFeIFN-ω-treated group. The mean score of clinical enteritis was 3.4 (SD=1.5, n=13) in the control and 3.9 (SD=1.7, n=8) in the rFeIFN-ω-treated group suggesting that there were no significant differences in the incidence and degree of clinical enteritis between the two groups at the beginning of treatment.
In the control group, scores ≥ 8.0 appeared in 4 dogs and 7 out of 17 dogs showed repeated high scores due to hemorrhagic stool. In contrast, no rFeIFN-ω-treated dogs exhibited scores ≥ 8.0 after rFeIFN-ω administration and high scores, marked by 4 out of 12 dogs, were intermittent. On day 7 after virus inoculation, 4 out of 16 control dogs and 2 out of 12 rFeIFN-ω-treated dogs showed clinical enteritis. There were no clinical differences in fecal condition between the two groups thereafter.
The sum of scores from the evening of day 4 to the evening of day 10 of individual dogs from each group was compared. The average score of dogs in the control group was significantly higher (average ± SD; 19.1 ± 9.8, n=17) than that of dogs from the rFeIFN-ω-treated group (11.9 ± 8.4, n=12), suggesting that rFeIFN-ω administrations shifted the severity of enteritis from severe to mild (Student's ttest; P<0.05).
To estimate the onset of the treatment effect of the administration of rFeIFN-ω, the ratio of dogs expressing clinical enteritis in the morning was compared to those in the evening (Fig. 4) . Treatment with rFeIFN-ω in the morning significantly reduced (χ 2 -test, P=0.0104) the ratio of dogs with clinical enteritis in the evening on day 4 after virus inoculation and that tendency was observed on the evening of day 6 (P=0.0513). 
DISCUSSION
The present study indicates that treatment of beagle dogs with rFeIFN-ω ameliorates severe enteritis due to infection with CPV-2 virus. Because IFN activity is highly species specific, several species of IFN genes have been cloned and expressed for veterinary applications [6, 7, 13, 14, 22, 29] . Virus-induced IFN has been produced from canine lymphoid cell cultures [31] , while Himmler et al. [7] succeeded in the expression of a canine IFN-α from Escherichia coli that had antiviral activity. However, pure canine IFN preparations are not available for clinical use. Iwata et al. [10] compared the activity of rFeIFN-ω with canine IFN by an established biological assay for canine IFN activity. They described a high degree of species specificity between IFNs from cats and dogs. Nevertheless, rFeIFN-ω showed growth inhibition activities on 4 different canine tumor-cell lines [30] , and a preliminary study demonstrated that in vivo administration of rFeIFN-ω into dogs resulted in increased production of 2',5'-oligoadenylate synthetase, one of the proteins blocking viral protein synthesis. The effects of rFeIFN-ω administration against some canine virus infections and tumors was suggested from a number of case reports [32] . Because human IFN-ω has been reported to have cross-species antiviral and antiproliferative activities [1, 12] and it binds to the IFN-α/β receptor [4] , it was considered likely that rFeIFN-ω might bind through some IFN receptors expressed in dogs.
The death of a control dog expressing a severe hemorrhagic diarrhea suggests that CPV-2 virus exacerbated enteritis and was life-threatening. The data also suggests that one MU/kg/day of rFeIFN-ω could switch viral enteritis from serious to a mild form and could be important therapeutically for the exacerbated period of CPV infection.
Other clinical symptoms such as vomiting and anorexia were improved by treatment with rFeIFN-ω. The ameliorating effect of rFeIFN-ω on clinical enteritis in the afternoon following morning administration and the reappearance of enteritis on the next morning suggests a rapid effect and short effective half-life of rFeIFN-ω. This short effective time may account for no differences in fecal condition between the control and the rFeIFN-ω-treated groups from day 8 after virus inoculation. Although one dog treated with rFeIFN-ω showed severe vomiting on the morning of day 5, clinical symptoms of this dog were worst at this time. Thus, the vomiting might not be due to the effects of rFeIFN-ω, but to an exacerbated state of the infection.
Both the stimulatory effect on 2',5'-oligoadenylate synthetase in cats [34] and the inhibitory effect on the replication of feline enteropathogenic viruses [19] induced by rFeIFN-ω clearly demonstrate the antiviral function of rFeIFN-ω. In the present experiments, rFeIFN-ω was administered on day 4 after virus inoculation when CPV-2 replication has already spread resulting in cytological effects on germinal epithelium of the intestinal crypts and in the appearance of enteritis [15, 17, 18] . The ameliorating effect of treatment of CPV-2-infected dogs with rFeIFN-ω, therefore, appears to be due to not only its antiviral activity, but to other functions of IFNs, such as enhancement of immune systems in vivo. It may be of general interest to examine immune responses in rFeIFN-ω-treated dogs under normal conditions and following some other infectious diseases.
Experimental infection of beagle dogs with CPV infrequently results in severe clinical disease like that seen in natural disease [25] . Meunier et al. [18] reported that 10 5 TCID 50 of CPV caused clinical signs in about 30% of infected beagle dogs. In the present experiments, inoculation of 10 7 TCID 50 of CPV-2 (cc 238 strain) induce clinical symptoms in all exposed SPF animals, although the severity of symptoms were milder than natural disease. Pollock [25] has shown that giardiasis exacerbates the clinical symptoms of CPV infection. Therefore, the development of severe clinical signs during natural disease may be due to the conditions of maintenance of dogs and exposure to pathogenic cofactor such as internal parasites. Because IFNs are multifunctional, treatment with rFeIFN-ω may be more effective against natural viral diseases than experimental infections. Thus, we predict that rFeIFN-ω treatment of natural CPV infection in dogs will result in greater improvements in clinical treatments.
